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MULT I - RANGE TRANS CONDUCTOR AND METHOD OF OPERATION 



TECHNICAL FIELD OF TH E INVENTION 

This invention relates in general to tuning filters, 
and more particularly to a multi-range transconductor . 
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BACKGROUND OF THE INVENTION 

Tuning devices for receiving, transmitting, and 
decoding signals frequently use electronic filters to 
isolate portions of the signal . Depending on the 
5 requirements of the tuning device, such filters may need 

to be tuned to a high degree of precision. Techniques 
for manufacturing filters do not necessarily produce 
perfect filters, and as a result, the filters may need to 
be tuned to the proper range. In certain devices, 
10 internal oscillators are used to tune filters, but such 

oscillators may consume a relatively large amount of 
power and have the risk of creating interference, noise, 
or other undesirable effects. 
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SUMMARY OF THE INVENTION 

In accordance with the present invention, a method 
and system for tuning a transconductor using a digital 
trim value is disclosed. Certain embodiments of the 
5 present invention substantially reduce or eliminate 

disadvantages associated with previous methods of tuning 
a transconductor. In particular, certain embodiments of 
the present invention allow the result of a tuning 
process to be stored as a trim value and used to tune a 

10 transconductor automatically. 

In a particular embodiment, a method for tuning a 
transconductor includes receiving a digital value. The 
method also includes determining a bit value for a 
selected bit of the digital value, and selecting a tuning 

15 range for a transconductor based on the bit value. The 

method further includes tuning the transconductor within 
the selected range based on any remaining bits in the 
digital value. 

Technical advantages of certain embodiments of the 

2 0 present invention include representing a tuning process 

using a stored trim value. The gain of a transconductor 
may be tuned using the trim value. The transconductor 
may be used to form a filter, amplifier, mixer, 
integrator, charge pump, or other suitable electronic 

25 component. This allows a transconductor to function 

without continuously being tuned using oscillators or 
other methods that may require additional power and 
contribute interference, noise, or other undesirable 
effects to the circuit. Furthermore, the tuning process 

30 may be repeated, and the use of a trim value allows the 

process to be adapted to digital control, analog control, 
or a combination thereof. 
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Another technical advantage of certain embodiments 
of the present invention is that the techniques may be 
employed in an on-chip design. Thus, an integrated 
circuit may include automatic on-chip tuning that tunes a 
transconductor in the circuit when the chip is supplied 
with power. In such embodiments, the chip may use high- 
stability components to minimize drift once the 
transconductor is tuned, allowing the chip to function 
reliably without requiring the tuning process to be 
repeated. Such embodiments may present advantages over 
systems that require continuous tuning. 

Other technical advantages of the present invention 
will be readily apparent to one skilled in the art from 
the figures, descriptions, and claims included herein. 
Moreover, while specific advantages have been enumerated 
above, various embodiments may include all, some, or none 
of the enumerated advantages. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
invention and its advantages, reference is now made to 
the following description, taken in conjunction with the 
accompanying drawings, in which; 

FIGURE 1 illustrates a filter tuning system 
according to a particular embodiment of the present 
invention; 

FIGURE 2 illustrates a circuit for tuning a filter 
and storing the result as a trim value, according to a 
particular embodiment of the present invention; 

FIGURE 3 shows voltage-time graphs corresponding to 
steps of a tuning process performed in the circuit of 
FIGURE 2; 

FIGURE 4 is a flow chart illustrating one example of 
a method for storing the result of a tuning process as a 
trim value; 

FIGURE 5 illustrates a circuit for tuning a 
transconductor using a trim value, according to a 
particular embodiment of the present invention; 

FIGURE 6 is a transconductance-voltage graph 
illustrating the response of the circuit of FIGURE 5 to a 
change in input voltage; 

FIGURE 7 is a flow chart illustrating an example of 
a method for tuning a transconductor using a trim value; 
and 

FIGURE 8 illustrates a slave filter according to a 
particular embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

FIGURE 1 is a high-level diagram of a filter system 
100. System 100 embodies a master-slave tuning 

arrangement in which a master circuit 106 is tuned using 
5 a ramp generator 102, and the result of the tuning 

process is stored in memory 110 as a trim value 112. 
Trim value 112 is in turn used to tune a slave filter 
108. In particular embodiments, master circuit 106, 
slave filter 108 and portions of ramp generator 102 are 
10 formed on an integrated circuit 104. 

Ramp generator 102 may include any device for 
generating a characteristic electronic signal used to 
tune master circuit 106. For example, ramp generator 102 
may be a reference capacitor that is charged using a 
15 known current. Depending on the level of precision 

required for the operation of system 100, the components 
of ramp generator 102 may be appropriately selected to 
have a maximum variation within acceptable limits. 

Master circuit 106 comprises any number and 

2 0 combination of components used, in combination with ramp 

generator 102, to derive trim value 112 for a filter 
tuning process. Master circuit 106 and slave filter 108 
need not have identical components, so long as there is 
some quantifiable relationship between them so that the 
25 result of a tuning process applied to master circuit 106 

may be used to tune slave filter 108. 

Filter 108 comprises any number and combination of 
components that produce a frequency-dependent response to 
an input signal. Filter 108 may include any suitable 

3 0 electronic components, such as, for example, capacitors, 

inductors, resistors, transistors, and/or amplifiers. 
Filter 108 is tuned by adjusting one or more component 
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values such that filter 108 responds accurately to input 
signals. For example, filter 108 may include components 
with adjustable resistance, capacitance, or 

transconductance . In a particular embodiment, filter 108 
5 is a G m -C filter whose characteristic frequency is 

determined by a capacitance value and a transconductance 
value . 

Memory 110 may be any form of information storage, 
whether volatile or non-volatile, such as, for example, 

10 optical media, magnetic media, or removable media. 

Memory 110 stores trim value 112, which represents the 
results of the process used to tune master circuit 106. 
Memory 110 maintains trim value 112 even if one or more 
components of system 100 are powered down, disconnected, 

15 or otherwise disabled, such as, for example, after a 

tuning process is completed. Trim value 112 may include 
any type of quantifiable representation of the process 
using any number of digital bits. In particular 

embodiments, the number of bits in trim value 112 

20 corresponds to the number of iterations performed in the 

tuning process. 

In operation, ramp generator 102 generates a 
reference signal that is used to adjust component values 
of master circuit 106 until it is determined that master 

25 circuit 106 is properly tuned. The results of this 

tuning process are stored in memory 110 as trim value 
112. Trim value 112 is in turn used to adjust component 
values of slave filter 108. Because of the known 
relationship between components of master circuit 106 and 

30 slave filter 108, slave filter 108 may be properly tuned 

based on the information recorded in trim value 112. 
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Particular embodiments of these techniques are described 
in detail below. 

FIGURE 2 shows a particular embodiment of a circuit 
200 that uses ramp generator 102 to tune master circuit 
5 106 and to store the result in memory 110 as trim value 

112. Circuit 200 tunes circuit 106 using an iterative 
process made of charging steps repeated n times, wherein 
n may be a number that is predetermined or may 
alternatively be a number that is determined during the 

10 tuning process, up to the number of bits in memory 110. 

In the depicted embodiment, circuit 200 includes ramp 
generator 102, circuit 106, memory 110, controller 206, 
counter 208, and comparators 216 and 226. 

Ramp generator 102 includes a reference voltage 

15 source 210 coupled to a reference resistor 212 to produce 

a current 211. Current source 213 generates a charging 
current having a value that is a multiple of the value of 
current 211. The current from current source 213 may be 
connected and disconnected from capacitor 214 using 

2 0 switch 215, which may include any suitable form of 

switch, relay, or other device for establishing or 
interrupting an electrical connection. The current 

generated by current source 213 charges capacitor 214, 
producing a voltage ramp on voltage 2 03, when switch 215 

25 is placed in a charging position. Switch 215 

additionally contains an alternate discharge position. 
When in this position, capacitor 214 is connected to a 
ground potential through switch 215. Control line 235 
sets the position of switches 215 and 223. 

30 The characteristic values of voltage source 210, 

resistor 212, and capacitor 214 are known within a 
certain degree of precision, and this in turn determines 
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the degree of precision to which ramp generator 102 is 
reliable as a reference. In particular embodiments, 
reference resistor 212 and reference capacitor 214 are 
external to integrated circuit 104. 
5 Comparator 216 compares an output voltage 2 03 of 

ramp generator 102 with a reference voltage 218. The 
value of reference voltage 218 may be a multiple of the 
value of reference voltage source 210. When output 
voltage 203 of ramp generator 102 exceeds reference 

10 voltage 218, comparator 216 switches its output from low 

to high, effectively producing a CLK signal 23 0 
indicating the time at which output voltage 203 reaches 
the threshold of reference voltage 218. 

Circuit 106 includes reference voltage source 210 

15 coupled to resistor 220 to produce a current 221. 

Current source 2 22 generates a charging current having a 
value that is based upon the value of current 221 as well 
as trim value 112 . The current from current source 222 
may be connected and disconnected from capacitor 224 

20 using switch 223, which may include any suitable form of 

switch, relay, or other device for establishing or 
interrupting an electrical connection. Capacitor 224 
generates an output voltage 2 05 in response to receiving 
a current signal from current source 222 when switch 223 

25 is placed in the charging position. 

Current source 222 is adjustable, allowing output 
voltage 205 of circuit 106 to be tuned by adjusting the 
current generated by current source 222 . In the tuning 
process, the current generated by current source 222 is 

3 0 increased or decreased after each iteration of the tuning 

process to bring output voltage 205 of circuit 106 closer 
to output voltage 203 of ramp generator 102. Trim value 
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112 records these adjustments, thus providing a record of 
the tuning process. Components of circuit 106 are 
selected to correspond to slave filter 108, so that the 
result of the tuning process corresponds to a similar 
5 tuning process for slave filter 108. For example, the 

current adjustments made to current source 222 may 
correspond to adjustments in a transconductance that 
controls current flow in slave filter 108. Thus, the 
series of adjustments in the current generated by current 

10 source 222 recorded as trim value 112 may be used to tune 

slave filter 108. 

Comparator 22 6 compares output signal 2 05 of circuit 
106 to reference voltage 218. Comparator 226 produces an 
output, DATA signal 232, that indicates whether the 

15 output signal of circuit 106 is greater than or less than 

reference voltage 218. The operation of comparator 226 
is used to determine the relationship between the output 
voltages 203 and 205 of ramp generator 102 and circuit 
106, respectively, and to determine, based on that 

20 relationship, an adjustment to current source 222 of 

circuit 106, whether increase or decrease, that will 
bring output voltage 205 of circuit 106 closer to output 
voltage 203 produced by ramp generator 102. Comparator 
226 may produce DATA signal 232 continuously, or 

25 alternatively, may generate DATA signal 232 in response 

to an external trigger, such as CLK signal 230. 

Controller 2 06 refers to any component that controls 
the operation of circuit 200, and may include any manner 
of processor, controller, hardware and/or software for 

30 performing the described tasks of circuit 200. 

Controller 206 is coupled to counter 208, which may 
include any form of volatile or non-volatile information 



DAL01 .74007 7.1 



ATTORNEY ' S DOCKET 
073671 . 0186 



PATENT APPLICATION 



11 



storage that can maintain a numerical count 234 and 
output count 234 as an electrical signal. Controller 206 
stores information in a particular bit of trim value 112 
in response to receiving CLK signal 23 0 from comparator 
5 216. In the depicted embodiment, trim value 112 includes 

multiple bits, each of which is identified by an address, 
with the most significant bit corresponding to the first 
step of the tuning process. When storing information, 
controller 2 06 stores the information in the bit having 

10 an address corresponding to count 234 on counter 208. 

In the initial state of circuit 200, controller 206 
and counter 2 08 receive a START signal 2 01 that 
initializes memory 110 and counter 208. Using control 
line 235, controller 206 also positions switches 215 and 

15 223 in the discharging position, connected to a ground 

potential, to initialize capacitors. To commence the 
tuning process, controller 206 simultaneously places 
switches 215 and 223 in the charging position to commence 
charging of capacitors 214 and 224. Once output voltage 

20 203 across capacitor 214 reaches reference voltage 218, 

comparator 216 produces CLK signal 230, which increments 
counter 208. Controller 206 receives CLK signal 230, and 
in response, controller 206 determines the value of DATA 
232 at that moment in time. DATA signal 232 indicates 

25 whether output voltage 205 of circuit 106 is greater or 

less than reference voltage 218. 

Controller 206 then tunes current source 222. The 
particular tuning process used to bring output voltage 
205 of circuit 106 closer to output voltage 203 of ramp 

3 0 generator 102 may vary in different embodiments of 

circuit 200. In one example of such a process, the 
current produced by current source 222 is increased by a 
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certain amount if output voltage 205 of circuit 106 is 
too low, and decreased by a certain amount if output 
voltage 205 is too high. In another example, the current 
may either remain at its present value after each 
5 iteration or increase by a certain amount. The amount of 

current adjustment may vary depending on the number of 
the iteration, so that, for example, the first iteration 
may have the largest magnitude, and each subsequent 
iteration may produce progressively finer adjustments. 

10 To tune current source 222, controller 206 first 

determines the proper adjustment to the current produced 
by current source 222, based on DATA signal 232 and 
according to the particular tuning process used by 
circuit 200. Controller 206 records the adjustment as a 

15 bit of trim value 112. The bit selected has an address 

that corresponds to count 234 on counter 208, so that 
each bit corresponds to the result of a particular 
iteration of the tuning process. The value of the bit 
indicates the direction of adjustment (increase or 

2 0 decrease) . For example, a value of zero may correspond 

to a decrease, while a value of one corresponds to a 
current increase. In another example, a value of zero 
may correspond to no change, while a value of one 
corresponds to a current increase. The position of the 
25 bit, from most 'significant to least significant, may be 

used to determine the amount of adjustment. To adjust 
the current of current source 222, controller 
communicates trim value 112 to current source 222, which 
adjusts its output current accordingly. Current source 

3 0 222 may be suitably programmed to perform any necessary 

calculations or other tasks to implement the adjustment 
determined by controller 206 based on trim value 112. 
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Once the adjustment to the current generated by 
current source 222 has been made and recorded, the 
process may be repeated. Using control line 235, 
controller 206 resets switches 215 and 223 to discharge 
5 capacitors 214 and 224. Controller 206 then restores 

both switches 215 and 223 to the charging position, and 
repeats the process of determining the proper adjustment 
to the current and storing the results, while counter 208 
increments for each iteration. Thus, trim value 112 
10 records the results of each step of the tuning process as 

a bit, so that the final trim value 112 after the process 
is complete represents the result of the entire tuning 
process . 

The steps of the process may be repeated a 

15 predetermined number of times, up to the capacity of 

memory 110. Circuit 200 may also be adapted to stop 
adjusting the current once the output voltage of ramp 
generator 102 and circuit 106 are within a certain range 
of one another, rather than using a fixed number of 

2 0 iterations. Furthermore, the values corresponding to 

particular iterations may use multiple rather than single 
bits. These and other similar variations do not 

represent significant departures from the scope of the 
particular embodiments described. 

25 FIGURE 3 is a series 300 of graphs that illustrate 

iterations of the tuning process in terms of voltages 203 
and 205 across capacitors 214 and 224, respectively. The 
set of graphs corresponding to each iteration is labeled 
with a particular letter ("A" for the first iteration, 

30 "B" for the second iteration, and >x n" for the n-th 

iteration) . Trim value 112 shows the bit values stored 
after each iteration, with the bit corresponding to each 
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Graphs 3 02 (referring generally to graphs 3 02A, 
302B, . . . 302n) illustrate the value of output voltage 
203 of ramp generator 102 versus time during respective 
iterations of the tuning process. Time t 306 is the time 
at which output voltage 2 03 reaches reference voltage 
218. Because output voltage 2 03 is produced by a current 
source 213 and capacitor 214 with fixed values, the curve 
shown is identical in graphs 302A, 302B, . . . , 302n, and 
is shown for each iteration for reference purposes. 

Graphs 304 (referring generally to graphs 304A, 
304B, . .., 304n) illustrate the value of output voltage 
205 of circuit 106 versus time during respective 
iterations of the tuning process. Reference voltage 218 
also appears on graphs 304, and the value of DATA signal 
232 of comparator 226 at a particular time may be 
determined by comparing output voltage 205 to reference 
voltage 218 at that time. Of particular interest is the 
value of voltage 205 at time t 306, since this is the 
time at which controller 206 determines the adjustment to 
the current value for a particular iteration based on 
DATA signal 232 and stores a record of the adjustment in 
the associated bit of trim value 112. 

Series 3 00 proceeds through the iterations as 
follows. In iteration A, output voltage 203 reaches 
reference voltage 218 at time t 306, causing comparator 
216 to produce CLK signal 230 at time t 306. CLK signal 
230 in turn causes controller 206 to read the value of 
DATA signal 232 at time t 306. As graph 304A 

illustrates, output voltage 205 is less than reference 
voltage 218 at time t 306, and DATA signal 232 will thus 
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have the value "one" at time t 306. This indicates that 
the current used to charge capacitor 224 needs to be 
increased in order to match output voltage 203 of ramp 
generator 102. Thus, the response 310 of controller 206 
5 is to store a one in the bit of trim value 112 

corresponding to iteration A and to increase the current 
of current source 222 accordingly. 

In the subsequent iteration B, capacitor 224 is 
charged using a higher current. This causes output 

10 voltage 205 of capacitor to reach reference voltage 218 

more quickly. However, as graph 3 04B indicates, output 
voltage 205 still does not reach reference voltage 218 at 
time t 306. Because output voltage 205 has not reached 
reference voltage 218, the value of DATA signal 232 at 

15 time t 306 is again one, indicating that the current of 

current source 222 needs to be increased. Thus, the 
response 312 of controller 206 is to store a one in the 
bit of trim value 112 corresponding to iteration B and to 
increase the current of current source 222 accordingly. 

20 In iteration n, the current from current source 222 

has been increased to the point that output voltage 205 
reaches reference voltage 218 before time t 3 06, as 
illustrated in graph 304n. Comparator 226 thus produces 
a value of "zero" for DATA signal 232 at time t 306, 

25 indicating that the current from current source 222 needs 

to be lowered. Thus, the response 314 of controller 206 
is to store a zero in the bit of time value 112 
corresponding to iteration n, and to decrease the current 
of current source 222 accordingly. 

30 As noted previously, the number of iterations may be 

predetermined or determined during the tuning process, 
such as by ending the tuning process whenever output 
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voltage 2 05 is within a certain range of reference 
voltage 218 at time t 306. The particular comparisons 
and responses described here are only examples, and the 
described techniques may be adapted in various ways, 
5 including any variation consistent with the embodiments 

described above. Once the tuning process is complete, 
trim value 112 may be used to tune slave filter 108 based 
on correspondence between the tuning process applied to 
master circuit 106 and the associated tuning process for 

10 slave filter 108. 

FIGURE 4 is a flow chart illustrating an example of 
a method of operation for circuit 200. The values of 
counter 208 and memory 110 are initialized at step 402. 
Ramp generator 102 and circuit 106 are initialized by 

15 discharging capacitors 214 and 224 at step 404. Ramp 

generator 102 and circuit 106 are switched to charging 
position at step 406. Capacitors 214 and 224 are charged 
until the voltage across capacitor 214 reaches reference 
voltage 218, as shown in decision step 408. 

20 In response to capacitor 214 reaching reference 

voltage 218, comparator 216 generates CLK signal 230 at 
step 410. At step 412, controller 206 reads the value of 
DATA signal 232 at the time CLK signal 23 0 is received. 
Based on the value of DATA signal 232, controller 206 

25 determines an adjustment to the current of current source 

222 at step 414. Controller 206 reads count 234 from 
counter 208 at step 416, and selects a bit of trim value 
112 that has an address corresponding to count 234 at 
step 418. At step 420, controller 206 stores a value in 

30 the selected bit that represents the adjustment to 

current that controller 2 06 previously determined at step 
414. Controller 206 then makes the adjustment to the 



DA L0 1:740077 J 



ATTORNEY'S DOCKET 
073671 . 0186 



PATENT APPLICATION 



17 



current produced by current source 22 2 at step 422 by 
communicating trim value 112 to current source 222. 

Once the current adjustment is made, counter 2 08 
increments at step 424. Controller 206 then determines 
5 whether all desired bits of trim value 112 have been 

stored at step 426. This determination may be based on 
the particular tuning process used. For example, in one 
tuning process, controller 206 may continue the method 
until all bits of trim value 112 are filled. In another 

10 example, controller 2 06 may end the method when output 

voltage 205 is sufficiently close to reference voltage 
218. If all desired bits are not yet stored, controller 
206 may re-initialize ramp generator 102 and circuit 106 
at step 404 and continue with the method from there. 

15 Otherwise, the method is at an end. 

The previous description of FIGURES 1-4 explains 
particular embodiments of techniques for performing and 
storing the result of a tuning process as trim value 112. 
As described above, trim value 112 records the 

2 0 adjustments made to the current used to charge master 

circuit 106 during one or more iterations of a tuning 
process. The information stored in trim value 112 may 
then be used to tune slave filter 108 in a related tuning 
process. FIGURES 5-7 and the associated description in 

25 turn describe particular embodiments of techniques for 

using trim value 112 to tune slave filter 108. 

In general, storing trim value 112 allows the tuning 
process to be performed on slave filter 108 without 
requiring master circuit 106 and slave filter 108 to be 

30 tuned simultaneously and continuously. In this regard, 

system 100 implements indirect tuning. Because trim 
value 112 may be stored, slave filter 108 may be tuned 
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after master circuit 106 is tuned, so that the tuning 
does not have to be performed simultaneously on both 
filters. Because slave filter 108 is adjusted based upon 
the tuning results of circuit 200, slave filter 108 does 
5 not require its own signal generator as a tuning 

reference. This is advantageous because signal 

generators require power and contribute thermal noise 
and/or interfering signals to filter 108. In addition, 
because trim value 112 is stored, slave filter 108 may be 

10 retuned periodically rather than continuously, resulting 

in increased efficiency as compared to other circuits 
that require continuous tuning. To further capitalize on 
this advantage, particular embodiments of filter 108 may 
include highly stable components that exhibit little 

15 drift in component values. In such embodiments, filter 

108 needs to be tuned less frequently, and thus, filter 
108 may expend less power than circuits that require 
continuous or more frequent tuning. 

The actual tuning process used to tune filter 108 

20 may vary. For example, filter 108 may be tuned using 

analog control by converting trim value 112 from a 
digital value to an analog value that is in turn used to 
adjust component values for filter 108. In another 
example, filter 108 may be tuned using a digital process, 

25 such as adjusting a current through filter 108 by 

physically switching between one or more resistors based 
on one or more bits of trim value 112. Such processes 
may use pairs of resistors with progressively larger or 
smaller resistance values so that, for instance, the most 

30 significant bit of trim value 112 selects between a pair 

of resistors with relatively high resistance values, 
while the least significant bit selects between resistors 
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with relatively low resistance values. Other embodiments 
may use a combination of analog and digital techniques in 
order to exploit particular advantages and/or reduce 
drawbacks associated with one or the other method. One 
5 such embodiment is illustrated in FIGURE 5. 

FIGURE 5 illustrates a particular embodiment of a 
transconductor 500 that forms a component of slave filter 
108. In the depicted embodiment, transconductor 500 

comprises transconductors 502 and 504, digital control 

10 module 512, analog control module 514, and digital-to- 

analog module 516. Transconductor 500 uses a digital 
input signal 518, such as trim value 112, to tune an 
output signal 510 produced by transconductors 502 and 
504. Although the tuning of transconductor 500 is 

15 detailed with respect to the use of trim value 112, 

transconductor 500 may be tuned using any suitable value 
whether or not the value was derived using the techniques 
described with respect to FIGURES 1-4. Furthermore, 
although transconductor 500 is detailed with respect to 

20 use as a filter, it should be understood that 

transconductor 500 may be used to form a filter, 
amplifier, mixer, integrator, charge pump, or other 
suitable electronic component. 

Transconductors 502 and 504 are electronic 

25 components that produce respective output currents 506 

and 508 from an input voltage 503. The gain of 
transconductor 500, or the relationship between the 
output current and the input voltage, is controlled by a 
voltage or current placed on the transconductor, known as 

30 the "control" voltage or current. A common example of a 

transconductor is a transistor, in which the amount of 
current flowing from collector to emitter is controlled 
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by a base voltage. Transconductors 502 and 504 may also 
include one or more resistors used to control the 
transconductor' s gain, or transconductance. 

In the depicted embodiment, transconductor 502 is a 
digitally controlled transconductor, so that the gain of 
transconductor 502 is determined by a digital control 
signal 521. For example, transconductor 502 may switch 
to a particular combination of resistors in response to 
digital control signal 521. The gain of transconductor 
504 is continuously tunable by analog control module 514 
within a certain range of output current 508 that is 
selected digitally. The respective output currents 506 
and 508 of transconductors 502 and 5 04 are combined to 
form a total output current 510 for transconductor 500. 

Digital control module 512 includes any hardware 
and/or software that receives a digital input signal 520 
and produces digital control signal 521 for 
transconductors 502 and 504. For transconductor 502, 
which is only digitally controlled, digital control 
module 512 determines the gain of transconductor 502. 
For transconductor 504, digital control module 512 
determines a range of transconductances , and analog 
control module 514 then tunes the gain of transconductor 
504 within that range. Analog control module 514 is any 
hardware and/or software that receives an analog signal 
522 and tunes the value of the gain of transconductor 504 
based on analog signal 522. The gain of transconductors 
502 and/or 504 may be determined, tuned, or otherwise 
controlled at least in part by controlling the value of 
output currents 506 and/or 508. 

Digital-to-analog module 516 represents any 
component that receives trim value 112 as an input signal 
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and produces digital signal 520 and analog signal 522 
from trim value 112. Digital-to-analog module 516 may 
perform any suitable calculation, extraction, and/or 
conversion to produce digital signal 52 0 and analog 
5 signal 522. In the depicted embodiment, digital-to- 

analog module 516 extracts m bits of n-bit trim value 
112, where m is any number less than n, and generates m- 
bit digital signal 52 0 such that the value of each bit in 
digital signal 520 is identical to a corresponding bit in 

10 the m bits extracted from trim value 112. The m bits of 

digital signal 52 0 may be the m most significant bits of 
trim value 112, the m least significant bits, or any 
other suitable bits corresponding to the digital 
adjustment of output currents 506 and 508. In general, 

15 any suitable selection of number or arrangement of bits 

to relate the tuning process performed on master circuit 
106 to the tuning process performed on slave filter 108 
may be used. Digital-to-analog module 516 converts the 
remaining (n-m) bits of trim value 112 into analog signal 

20 522 using any suitable digital-to-analog conversion 

technique . 

To relate the tuning process performed on master 
circuit 106 to the one performed on slave filter 108, 
control modules 512 and 514 and digital-to-analog module 

25 516 are suitably calibrated so that the steps of the 

tuning process performed on master circuit 106 correspond 
to adjustments to the gains of transconductors 502 and 
504. For example, coarse adjustments to current source 
222 may correspond to the adjustments applied by digital 

30 control module 512, while finer adjustments may 

correspond to the adjustments applied by analog control 
module 514. Similarly, the correspondence of particular 
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bits to certain types of adjustments, such as associating 
most significant bits with coarse adjustments, may be 
pre-programmed as well. In general, any suitable 

mathematical relationship, proportion, or correspondence 
5 between master circuit 106 and slave filter 108 may be 

used to determine the proper tuning for slave filter 108 
from trim value 112. 

In operation, digital-to-analog module 516 receives 
trim value 112, generates digital signal 520 and analog 

10 signal 522 from trim value 112, and communicates digital 

signal 52 0 to digital control module 512 and analog 
signal 522 to analog control module 514. Based on 
digital signal 520, digital control module 512 sets the 
gain for transconductor 502 and sets a gain range for 

15 transconductor 504. Analog control module 514 tunes the 

gain of transconductor 504 based on analog signal 522 
within the range selected by digital control 512. These 
adjustments to the gains of transconductors 502 and 504 
in turn control .total output current 510 of 

20 transconductor 500, and therefore the gain of 

transconductor 500. In this regard, the described 

process tunes the gain of transconductor 500 using trim 
value 112. 

The advantages of the described combination of 
25 analog and digital tuning may be best understood with 

reference to FIGURE 6. FIGURE 6 is a graph 600 that 
generally illustrates the response of the 
transconductance, or gain, of tunable transconductor 504 
to a control voltage. Curves 602 and 604 illustrate the 
30 response of transconductor 500 to the combined analog and 

digital control described above. The X-axis labeled 
Vcontrol represents an analog control voltage, such as 
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signal 522 of FIGURE 5. The Y-axis represents the gain, 
or Gm, of a transconductor . In general, curve 602 
applies when the digital word applied by signal 521 
represents a binary one. Curve 604 applies when the 
5 digital word applied by signal 521 represents a binary 

zero. Curve 606 illustrates the normalized response of a 
transconductor to a purely analog control signal, such as 
in prior systems. Line 608 represents the point at which 
the gain characteristics of transconductor 500 switch 

10 from curve 602 to curve 604. 

A notable characteristic of curve 606 is the 
relatively high slope near the lower end of the analog 
tuning range. In that range of control voltages, a 
relatively small change in control voltage can produce a 

15 large change in transconductance , making it difficult 

and/or inaccurate to tune transconductor 504 in that 
range. This is not an uncommon difficulty faced by 
analog tuning devices, since transconductors frequently 
require a certain minimum level of current to function 

20 optimally. In particular, when the tuning range is 

relatively large, it may be difficult to find components 
that are able to operate sufficiently well over the 
entire tuning range without seeing a noticeable decline 
in performance in the lower end of the operating range. 

25 Physically switching between discrete component values, 

as used in purely digital tuning, does not have that 
drawback, but the multiple components may introduce 
parasitic capacitance that impairs the operation of 
filter 108. 

30 Curves 602 and 604 illustrate the improved 

sensitivity of transconductor 500 when controlled by a 
combination of digital and analog control. The slope of 
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curves 602 and 604 remain relatively low compared to the 
steep slope at the lower end of curve 606. This permits 
more accurate tuning of transconductor 500 throughout its 
operating range. Furthermore, the depicted example 

5 requires only one switch to switch between digital 

ranges, thus reducing the amount of parasitic capacitance 
relative to a purely digital method. Consequently, the 
combination of analog and digital tuning provides 
increased accuracy relative to purely analog tuning, but 

10 less disruption in the performance of filter 108 as 

compared to purely digital methods. 

FIGURE 7 is a flow chart 700 that illustrates an 
example method of operation using a combination of analog 
and digital control to tune transconductor 500 based on 

15 trim value 112. Some or all of the steps in flow chart 

70 0 may be performed by software embodied in a computer 
readable medium. Transconductor 500 receives trim value 
112 at step 702. Digital-to-analog module 516 identifies 
selects a bit of trim value 112 at step 704 and 

20 communicates the bit to digital control module 512 as 

digital signal 520 at step 706. In a particular 

embodiment, digital-to-analog module 516 selects the most 
significant bit of trim value 112 to communicate to 
digital control module 512 as digital signal 520. In 

25 another embodiment, digital-to-analog module 516 selects 

multiple bits to communicate to digital control module 
512 as digital signal 520. Digital control module 512 
determines whether the value of the bit is one or zero at 
decision step 708. 

30 If the value of the bit is zero, then digital 

control module 512 sets the gain of transconductor 502 at 
low at step 710. "Low" refers to the lower of two 
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possible values for gain. Digital control module 512 
also sets the gain range of transconductor 504 to the 
lower of two possible ranges at step 712. If the value 
of the bit is one, digital control module 512 sets the 
gain of transconductor 502 at the higher value at step 
714, and similarly sets the gain range of transconductor 
504 to the higher range at step 716. In this regard, 
digital control module 512 sets the tuning range of 
transconductor 500 based on the value of the bit 
communicated as digital signal 52 0. In the embodiment 
where multiple bits are communicated, digital control 
module 512 may set a sub-range within the tuning range 
based on the additional bits. 

Digital-to-analog module 516 determines the 
remaining bits of trim value 112 other than the bit or 
bits selected at step 718. Digital-to-analog module 516 
converts the remaining bits to analog signal 522 at step 
720, and communicates analog signal 522 to analog control 
module 514 at step 722. Analog control module 514 tunes 
the gain of transconductor 504 based on analog signal 222 
at step 724 . This tuning is performed within the gain 
range previously set either at step 712 or at step 716. 
In this regard, the gain of transconductor 500 is tuned 
based on the remaining bits in trim value 112. 

The example method described is only one of many 
possible methods of tuning transconductor 500 using trim 
value 112. In particular, other embodiments may use more 
than one digital bit to set the gain of transconductors 
502 and 504. In some other embodiments, the association 
between the significance of bits and whether those bits 
are used in analog or digital tuning may vary. Still 
other embodiments may allow transconductor 502 to be 
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tuned by analog control module 514 as well. 



The 



described method is adaptable to any of these variations, 
as well as to any other method of operation consistent 
with those described above. 

FIGURE 8 illustrates one embodiment of a slave 
filter 108 that includes variable-gain transconductors 
500a and 500b, and capacitor 802. In general, each of 
transconductors 500a and 500b comprises the components of 
the transconductor 500 represented in FIGURE 5. Filters 
constructed using these components are commonly referred 
to as G m -C filters. A G m -C filter's characteristics are 
governed by the relationship of the transconductance , or 
G m , to the value of the capacitor. Without tuning, the 
transfer function H(<y), or Vout/Vin, of filter 108 is 
given by: 



As can be seen, the low-pass corner frequency of 
filter 108, or co 0 , is equal to G mo /C 0 . Note that only the 
ratio of the transconductance and capacitance is 
relevant. So, for example, if the absolute value of the 
capacitance were low by 15% from some nominal value, the 
transconductance would be lowered by the same 15% to 
arrive at the nominal frequency response. 




(1) 
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An example of applying tuning to filter 108 by using 
trim value 112 to change the gain of transconductors 500a 
and 500b could give the filter's transfer function as the 
following : 

{trimU2*G m \ 



H(co) = 



. (/r/mll2*(7 ) 
yco + ^ — 



(2) 



10 



15 



20 



25 



Now, the low-pass corner frequency of filter 108, or 
co 0/ is equal to (trim*G mo ) /C Q . Thus, the corner frequency 
may be changed by modifying trim value 112. This is 
advantageous for several reasons. For example, trim 
value 112 may be used to overcome the variance of other 
filter components to arrive at a pre-determined, constant 
corner frequency. Alternatively, many applications can 
benefit from filters that are frequency-agile, or are 
able to change their operating characteristics to several 
different values over time. Filter 108 can provide each 
of these types of functionality and advantages. 

Although the present invention has been described 
with several embodiments, a myriad of changes, 
variations, alterations, transformations, and 

modifications may be suggested to one skilled in the art, 
and it is intended that the present invention encompass 
such changes, variations, alterations, transformations, 
and modifications as fall within the scope of the 
appended claims. 
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